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(57)Abstract: 

PROBLEM TO BE SOLVED:To provide a method for 

producing formic acid, comprising reacting carbon dioxide R--|t.- 

with hydrogen in the presence of a compound useful as a ^^^'S^ ^^^Ew ^' * 

catalyst for reacting the carbon dioxide with hydrogen, and to ^"^p^y 

provide a method for fixing the carbon dioxide. ^ % 

SOLUTION: This method for producing the formic acid w^L^ 

comprises reacting carbon dioxide with hydrogen in the 

presence of one of compounds represented by general ^:|^:: 'ii-ii^ 

formulas (I) to (IV) [Rl groups are each identically or 
differently H, an alkyi, an aromatic group, OH, COOR, 
CONRR', halogen (X), OR,SR, NRR', or PRRt?";M1 groups 
are each identically or differently Ir, Rh or Ru; R is H, an alkyI, 
an aromatic group, OH, COOR, CONRR ' X, OR, SR, or the 
likejY is a halogen or HfX is a counter anion for forming a 
metal complex], and the method for fixing the carbon dioxide 

comprises utilizing the above-described reaction. ^i^^>: <^"*^ 
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1 ] • * 

-«^«ti7ict^sJ&^*2.»-i^tT. At-m: (I) ~ (IV) 
['fk 1 ] • • 




(III) (IV) 



(^<^'^ Ri 7JP4r;v^, ^^m^. tKK^ (-0H) X x7.t;v* (-C 

OOR) , 75 (-CONRR' ) . /Noyy (-X) , mitt^l (-OR) 

, mnttm (-sr) . gftt^* (-nrr' ) . u>tt^* (-prr' r' ' ) 30 

-e^ 19 IWI-T-'b^^oT^) J;v^o Ml {il r. Rh^t<{iRuT^>9, R (±> TktiT.^ 
. T;1'^;vX. ^^mm. 7lC«^ (-0H) . (-COOR) . 75 ( 

-CONRR' ) , ^^ary (-X) , mmm& (-OR) , Mtt^S (-SR) 

. attt^S (-NRR' ) . vy-^tm (-PRR' R' • ) -e*»9l^--e'bM^o-c 

[m*:® 3 ] 40 
-M'fC^t^TKt^SiS^-^-S.iig^LTx 7Xt-«: (I) ~ (IV) 



(3) 
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(III) (IV) 



(^fp. R: JiTktli^. t;p*;w^s TkWt^ (-0H) . j^t^^jv^ (-c 

OOR) , T5 (-CONRR' ) . ^^u^y (-X) . ^I'gfgK (-OR) 

. mn'^tm c-sr) x sits^s (-nrr' ) > v^ts^s c-prr- r' ' ) 

, T;V^;vS> zKm* (-0H) . j:-Xt)1^^ (-CO OR) > 75 ( 

-CONRR' ) . ^^ary (-X) > mttt^S (-OR) ^ ft^'gt^S (-SR) 
> gftt^S (-NRR' ) > U^tt^S (-PRR' R' ' ) -C^l9[9l--e'b^'ioT 

[0 0 0 1 ] 

:s. ?>^3fc M It ? -1^ & i <t J; c> T -e- ti e ^ M ? ^ 2, 111- S o 

[0 0 0 2 ] 

ttXii. Chem. Lett. p. 8 6 3 ( 1 9 7 6) Chem. Comm 

un. p. 1465 ( 1 993) . #|fieg 5 1 - 1 3 8 6 1 4 -^^ #liBB 5 6 - 
16 6 14 e^^^t^'A^mfh^^-^K CtLii>(7>Mt^fiv^f ^tt'b fflv^;t: 19 > 7 

? y^<7)mmm^mx$>^o mffxm i > s^ffxm2^mmw%m i #m) 

gei^>1'-C^J;5^*Si tJi. #11^7 - 1 7 3 0 9 #il 2001-288 
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1 3 7^^ 

^^^t^itmWi^m. zmmi 2-^ pp. 1032-1043 (1994). n 

ature Vol 368, p. 231 (1994)^ Chem. Lett. 

p. 1016 (2001)^ J. Am: CKem. Soc. p. 796 
3 (2 0 0 2), J. Am. Chem. Soc. p. 3 4 4 ( 1 9 9 6 
)^Inorg.Chem. p. 1606 (2002) i^KUU^ HX^^ho ( 

m:icm 3-4 Rmm-xwi 2-7 mm) 

^hK. T^mW.^-^KJZ'^^^^^tii. e- 1 4 0 9 4 8. Chem. Co 

mmun. p. 971 (1999)^ Appl. Organomeal. Ch 
em. p 8 5 7 (2 0 0 0 ), Inorg. Chem. p. 5 0 8 3 ( 

2 0 0 0) Ktm^ iir\^>^o (^pficmsRmmt'^^icms- 1 00m) 

^hKtfz. '^WL'^Br:^mm^X-mmmim\^^fzKmii. J. Am. Chem 
Soc. p. 6319 (1983) ^coffiSfrM^^ffi V^Tt-m^fliRloSM 

TKt'fbEJS im^ < ^ ^ tiT v> & o (m^^:m 1 1 #m) 

mmxm 1 2 r mmwicm 1 3 0m 

Kl^,-m.itmM<Dm5tKl^^\±. tztk.\^. \ V . C h i m. Acta p. 
1 0 6 5 ( 1 9 8 6) <om-. -^<ii-^h^h^X^>tzi)K ^W^4'^E)i&-C% 75 V 

1 ] #PiBS 5 1 - 1 3 8 6 1 4 -t&fl 
mWXM2] 5 6 - 1 6 6 1 4 6^^m 

[#i^:tjt3] #ll¥7- 1 7 3 0 9 8-^^^ 
[#fP« 4] #Pi 2001-288137 

5] itf|iBS56-140948^M 
[l^#^:fcKl] C h em. Lett. p. 863 (197 6) Chem. C 
ommu n. p. 1465 (1993) 

mmxm2] :^mit^it^n^m> m5 2mmi 2-^ pp. 1032-1043 ( 

1 9 9 4) 
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<Dmmi^^&^i-^^tybmh^X\y^^o 'ttU&3^J:m^mf^t. (DChem. L 
ett. p. 8 6 3 { 1 9 7 6) ^j:t'(DX^Ks ^W^miiL<it7i^t<Dm^mM'P 

7 3 0 9 8^T'i±^ mw,wmKi,i>^m^tmtj^M^7^>^(o^^^figsmtEiTK 

m^^^l^mo (3) #|fBg5 6 - 1 4 0 9 4 8 . C h em. Commun. p. 

9 7 1 ( 1 9 9 9) i^um^^^-i^M^<o?i^i^m^r.mit^Mt7^m^h^'mi^ikt 

^:^^o (4) J. Am. Chem. Soc. p. 6319 (1983)twfa 

x^m'^^^-r^i^m^*'^(^^x\y^ho (D - (3) i^ov^xii. j. Am. c 

hem. Soc. p. 7 9 6 3 ( 2 0 0 1 ) f i: i6 ^ tlTV>i>o 

mU (1) (2) (Dlomvii. T?>'-^TJP3-;i/^<^;t^!^t«1-&M*«*Sii: 

^ ttz^^-r^^m<Dm\iT^y^(Dmi}m<o-Mi^2m£f$:i^mhfix^^^^t. ^i^k 
^Mx^i>^^mtmwL^^^^^<D^mm<Dmm:^'^&o (s) . (4) <o:^■&^±^ 

#4- . SIP ^ ^m^mrnt^ ^ t x-WiitmM<oii^mt i o t ^^wl^ bm<- 

[0 0 0 4 ] 

!ii ^ < ffl v> v^tIc v§?iS+ iaJW * ^fl^T, Ji-^tc J: o T mm^iJm t * 56« ^ r K-fk^ 

-mkK*t7ic^«-sjiS$**tiB^tT. ^t-m. (I) ~ (IV) 

[<li3] 
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(III) (IV) 



{^^. Ri (iTktii^. TJU^JPM. TjcmS (-0H) ^ J~Xy')V^ (-C 

OOR) . T? (-CONRR' ) > ^^oy> (-X) > Ktttl^ (-OR) 
^ ^ntm& (-SR) ^ (-NRR' ) ^ ^}ytt^& (-PRR' R' ' ) 

-C^ "jH—et^^cj-C^) J:v^o Ml j±I r. Rli^L< iiRu-eib'9, R^i^ ;dctJI-? 
, T}U^)l^m. ^^m^. TicKl (-0H) ^ i7.-r;vS (-COOR) . T5 ( 
-CONRR' ) . /ND^> (-X) , Mtig^ (-OR) . mnttm (-SR) 
> g*tB^* (-NRR' ) . V>tt^* (-PRR' R' ' ) T-^!g IWI-T-'b^'^oT 

10 0 0 5] 

*^igi^*3>/>Tfflv>-rv^& ri§#j i:{±, (I) ~ (IV) ■cj3^$*ii>>f Ui^c^A 
t;w^;v^) ^#J^«> x;^r;v^ (-00^ R) . (-con 

RR' ) , (-X) . mmtm (-or) . mnm^^ (-sr) . ^ttts 

* (-NRR' ) . Vytn^M (-PRR' R' ' ) ^j: t'i)^. 1 LTV^T 
^A, ^ U->''i'AH(i^^':?p(f-;v$/^n/v?:/^-7x-;i'ge^£^, ;ur-'5' A ^c^i^^^^ 
x:^>' hn'j >^«#)&?0t Lv>o s^ff(7)R{±. tK^^^. 7;v^;w^. tK® 

S (-0H) , ^X-T)\^B (-COOR) , 75 (-CONRR' ) , />n<^> 

(-X) . mmttm (-OR) . ii^ttg^ (-SR) . ^M'^mm (-nrr' ) , 

'r^l-tgS (-PRR' R' ' ) ^£t'(DW^M^7r^to tfzRim~Xim^£':>fcW^B 



(7) 
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(Y=H) ^m^L'^^^<?yr-$>i!Mlt'A.^£i,(P^X-iim^^£^^o mx.iI. /Miry 
yy(^y. T^T^U^ (Hz 0) ^j:tr^^mfhti&o iiT% VI K'; (Y = H) 

[0 0 0 6 ] 



10 



N N= 



C02R 



R-H. Me. Et, alkyi 



R=Br. CI. NO2. NMe2 



R R 

RO2C CO2R 
R=H, Me. Et. alkyI 



20 



RO 




/ 

R=H, Ac 



OEt 



i^<^-M^ LT^tfoJ: -3 'i^jcTjyij^'^^o (Tlfij^^-e^ R(i7K^Xl±r J^^;^^T'^l9^ 
Hb5] 



^^C02R ^^ ^R ^^NR2 




Ph 



40 



CO2R 




CO2R 



NR, 



50 
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So iff L<(±. 7i^mm'^T)i'^ V'mimti>mmi^mi lv>o #tc^ 

I Ii^<^R®«li^K7fct^>&«$ft L<. '?-<^faJt LTI±. L i 2 CO3 . L i HC 

O3 ^Na2C03 >NaHC03 ^K2■C03■ ^KHC03 ^CaC03 
^BaC03 ,SrC03 ^t';6-*^lf t,ti;i>o Xfi-^'fbR^^IEA'b L< ^i^^'7^'; 
i^-r ^ i <!: i o T^iei^XfiK Wt^^^fifcl-X mimtfzUmi I ®l<07jcm'fbi^ 
«ft L< ^ -e-OfaJi: LTJi. L i OH. NaOH, KOH, CaCOH)^, B 

a (OH) 2 , Sr (OH) 2 ^j:t-Am^X^^o tfz. T}l^a~)\^^7 ^y^(D^^ 

0S L< {i 1 X 1 0" ' ~ 1 X 1 0" " Mi1-*o 

*^0^t;*3(t^5t;?f li 5 0 0W(7)^-fey ^^^T" (4 0 0 nm iilT^J:0^ 7 50 
nmlik±<D'm^ii:ij y h Lfco^uyt) icI^^T^) J: V^o 

[0 0 0 7] 

[0 0 0 8] 
HM^J 1-14 

10 ml) ~B<t^^t7m*''y^(OlMl<DW^^if7,^m&<y:)J±JjXJ£XX 

m7lc-M'^Jili?Si:1-^*7A (TSKg e 1 SCX(H*) : TO S 0 H) Jciit, 
•^m-r^^f'ov^TjS:l2 1 0 nmtr*»tS!RMS'ill!|^t> # f>n?tlljg^li:*^ft!g| 

[0 0 0 9] 
[Si] 
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SI Rh, Ru. Ir^^mt^^-Slfbi^a>;k«fb 
CataJvst 

COi + H, )^ ^ Hco^H 



















JCPV 




36 


2 








4J 


20 


3 


Cp*lUi(1)py)Cl2 / IkIO"* 


7 ^ ;ufiiS4i jit ^dh 4 on/ 20/ 40 




4.9 


20 






1 NKOH/fiO/30 


320 


$3 


32 


5 


• ri>*miL'ru/iYift^ 


0.2 M KaH2P04 / 20 / 80 


50 


2J 


5 


g 


Cn^RhL^CU/ IrllT* 

\.»J* *\ III > wlj' 


1 NKOH/fiO/80 




5J 


36 


7 




H2O/20/8O 


110 


5J 


11 


8 




OJMN«H:^4/20/80 


124 


6J 


12 


9 


qp*lUi(pheit)Cb/lxlO-^ 


1NKOH/20/80 


216 


11 


22 


10 


q>*Rh^)ciz/ixio-* 


H2O/20/8a 


230 


6J 


13 


11 




lNKHCOi/21/80 


2400 


114 


240 


12 


(QMe5)Rii(pl«ai)a2 V IxlO"^ 


lKKOH/60/80 


50 


0.S 


5 


13 


Cp*Ix(phen)a2; UIO"^ 


lHFXiH/20/80 


58 


3 


6 


14 




]KKOHn9/80 


5400 


242 


MO 



10 



20 



Cp*=pentaineihy]cyc]o])entadieny], bp3P=2,2'-bipyridiiie, pheii>'l.lD-phaianftralme 

L'=2^'-bipyri<line-4,'t'-<Ucarbox}'lic acid, L^,4'-<inutliyl-2^-bi|iyiMiMk l.'*4,7-dil;ydrao^-l,10-]iha><allaolilic 

StSSIifr : p-4MPa(COi:H2- 1 : 1); 



15-20 

m'^<0^m^^ ( 1 0 ^ m 0 1) t%m^m.%Ltz p h 6 . 8 6 VKiiS^^?^ ( 1 

0 ml) -m-fk^»i:7lcf*':^<7)iMl(7)ig'^;^fy;^4MP a-^J±AL;t:o 

hiS' 1/-7*IC5 0 0 WcO^-try ;^7>'7° (4 0 0 nm mT^ctO'" 750 

75 L?to 



30 



75 
[ 
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«2 Br«*TfJSttfl3*ti.3=»ftieS3)l®*S^Kl56: 





CO2 + H2 > ttCO.H 
^ ^ H20(pH6.86r ^ 


9 


15 


Cp*Ir{bpy)Cl2 


66 


3 


16 


Cp*Ir(Phen)Cl2 


41 


< 1 


17 


Cp*IrLiCl2 


59 


2 


It 


Cp'lrL^Clz 


47 


< 1 


19 


Cp*IrL3Cl2 


37 


2 


20 


Cp*IrL'*Cl2 


12 


< 1 



Cp *-p er itai nediylcyclopciitadienyl, t>py*2,2'-4>ipyridine, |^Kn-l,IOi>henaiid)roline 

L'=5,5'-dimethyl-2,2'-bipyridine, L^=2,2'-bip5Tidinc-4,4'-dicarboxylicacid, 
L'^=2,2'-bipyridme-5,5'-dica]'boxylic acid, L''=4,7-dtpliei)yI-l,10-phcQanthroline. 

e(calalyst)= 1 iiiM;j»=4MPa(CX)2Jl2- 1 : 1);»-25»C; r-201i; 
111 pH 6.86 phosphate buffer sohiti<m 



[0 0 10] 

gnc^l-ct-? ic. -^^ (I) ~ (IV) x-7rs^K^±m^WmM\^^^^x:imitm: 

f^^'r4> mt4^#TT'%, MJim^ft^ (*m^J2, 3, 5. 7, 10) o t^^. -'v 

l^±1-*c:i:*«^?:d>o^^ (*ife^J l 1, l 4) <, 

g2-e{i, M:)t:i::i:^-M^*<7)7K^<hMc75MM*^L7to *M^J 1 5-2 0 
[0011] 
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'^im-o < rfjm 1-1-1 mmiSimAmmmM'^mpim':} < « * > -rt 

F $-A(#3|) 4G069 AA06 BA27A BA27B BA48A BC70B BC71B BC74B BE13A BE13B BE46B 

CB25 CB74 VMH 

4H006AA02 AQS AC46 BA22 BA23 BA24 GA44 BA47 BA9S BCU 

BC16 BE20 BE41 

4H039 CA6S a45 




(I) (II) 




(III) (IV) 



(s:*, R. iitThmm^. tju+^us. ykmm (-oh) , ixf;ua (-coor) , rs (- 

coNRR' ) > ^M3y> (-X) > mm-Mmm c-or) , ssis-ttgs (-sr) , mm-^mm (-nrr* ) 

. y^trteS (-PRR' R' ■ ) V^'om-Vi)mtj:-:,Xh^^\ M, »I r> RhSKiiRu-C^)"}. R»> 
TkJRH^, r^lz+^l/S. *iiat (-0H) . x;^f^;V« (-COOR) . T5 F« (-CONRR* ) 

. ^^py> (-X) . mmsmm (-or) . ssitwtES (-sr) > ^^wfigs (-nrr- ) , y>wfieg ( 



